). When single native channels were stepped repetitively from patches studied). To quantify the attributes of this native channel, patches were discarded ‫)%05ف(‬ if they con-Ϫ80 to ϩ60 mV, they activated rapidly with an apparent (Figures 2A and 3B) .
While cloned Kv3.4 channels were not activated at MiRP2-Kv3.4 and native channels also showed similar inhibition by the peptide toxin blood-depressing subpotentials negative to Ϫ20 mV, as expected (Schroter et al., 1991), MiRP2-Kv3.4 complexes in CHO cells and stance 2 (BDS-II) ( Figure 5 ). This naturally occurring peptide from the sea anemone Anemonia sulcata blocks native channels in C2C12 cells showed both activation and a significant steady-state open probability (P o ) at cloned Kv3.4 channels in the nanomolar range but has negligible effects on other channels in the Kv and Kir hyperpolarized potentials. This was quantified for single channels in on-cell patches held at Ϫ40 mV for 5-10 families that were tested (Diochot et al., 1998) . To study steady-state blockade, BDS-II was applied to the extermin (Figure 4) . Whereas Kv3.4 channels opened rarely and briefly, MiRP2-Kv3.4 and native channels opened nal face of single channels in outside-out patches held at Ϫ40 mV. Current inhibition was found to be reversible frequently and for longer duration ( Figure 4A To test this hypothesis, whole-cell current clamp was performed with a nystatin-perforated patch technique with physiological levels of bath potassium (4 mM) (Figure 6 ). CHO cells expressing Kv3.4 had a mean resting membrane potential (RMP) of Ϫ44 Ϯ 3 mV (n ϭ 11) similar to that for mock-transfected cells (not shown). Conversely, CHO cells expressing MiRP2-Kv3.4 channels had a RMP of Ϫ61 Ϯ 4 mV (n ϭ 8). To determine the contribution of the channels to resting potential, BDS-II was added at a level sufficient to completely inhibit both Kv3.4 or MiRP2-Kv3.4 channels (30 M). Application of BDS-II to cells expressing Kv3.4 channels did not significantly shift RMP (Ϫ43 Ϯ 4 mV, n ϭ 7) supporting the idea that these channels did not influence resting potential. In contrast, toxin applied to CHO cells expressing MiRP2-Kv3.4 channels produced a shift of ‫02ف‬ mV in RMP to Ϫ43 Ϯ 1 mV (n ϭ 5). Native MiRP2-Kv3.4-like channels in C2C12 cells were found to exert similar control over resting potential. Thus, C2C12 cells had an RMP of Ϫ65 Ϯ 4 mV (n ϭ 9) under control conditions and showed a shift of ‫02ف‬ mV to Ϫ46 Ϯ 2 mV (n ϭ 4) with application of 30 M BDS-II.
MiRP2-Kv3.4 channels influence RMP not only because they activate at hyperpolarized potentials ( Figure  2C ), but because they continue to pass outward potassium current at steady state; this is apparent at both the single-channel ( Figure 4B ) and macroscopic levels ( Figure 6B) . Thus, the macroscopic Kv3.4 "window" conductance (derived from steady-state, voltage-dependent inactivation and activation relationships) had a peak above 0 mV and was small below threshold ( Figure  6C , upper) while the "window" for MiRP2-Kv3.4 was maximal at Ϫ40 mV and of significant magnitude at subthreshold potentials ( Figure 6C , lower). Recovery from inactivation was quantified first with recovery from inactivation determines the fraction of voltage-gated ion channels that become unavailable whole-cell currents using 3 s depolarizing pulses and progressively longer recovery periods; the time course due to cumulative inactivation (Marom, 1998) . Cumulative inactivation was assessed here in on-cell patches was best fit with a double exponential function ( Figure  7A ). MiRP2-Kv3.4 complexes in CHO cells were found with alternating 1 s test pulses to ϩ60 mV and 1 s interpulse intervals at Ϫ80 mV ( Figure 7D ). As expected, to recover by 50% in ‫001ف‬ ms, at least 5-fold more Pedigree analysis of both kindreds revealed three additional family members with periodic paralysis who carconsidered the gene for MiRP2 (KCNE3) a candidate for heritable diseases of skeletal muscle that had not been ried the R83H mutation and two unaffected members who did not ( Figure 8A ). genetically characterized. We therefore screened a panel of 100 patients with inherited or sporadic episodic
MiRP2 Alters Rate of Recovery from
The proband in kindred 3337 is male and has had episodes of paralytic weakness since he was 14 years of muscle disorders without mutations in known diseaseassociated genes (SCN4A, CACNLA3, CLCN1) (Ptacek, age. Episodes are characterized by weakness primarily affecting the lower extremities lasting hours to days. The 1998). Analysis for single-strand conformational poly- attacks are usually precipitated by strenuous exercise ness and is not treated. All three of the living affected individuals carry the R83H mutation while an unaffected followed by rest or after prolonged sitting. Some attacks occur when he wakes in the morning, but many begin sister does not ( Figure 8A ). Taken together, these patients were classified as having hypokalemic periodic during wakefulness. He has never noticed that high carbohydrate meals precipitate attacks. To the contrary, paralysis because of the typical age-of-onset, paralytic attacks that most often occur after exercise, a low potasalcohol intake appears to facilitate recovery from an attack while potassium treatment does not. The patient sium level during a spontaneous attack, and the ability to precipitate an attack with insulin and glucose on one has not had symptoms of myotonia and none were detected by clinical exam or electromyography (EMG); a occasion. Atypical for this diagnosis is that the second provocative test was negative and that attacks more lid-lag was detected on a few occasions. The parents were not known to be affected and are deceased. an EMG did not demonstrate any myotonia and subseone episode, his serum potassium level was determined to be low (2.1 mmol/l). Provocative testing with insulin quent conduction and EMG studies have not given evidence for neuropathy or myopathy. Serum potassium and glucose lowered serum potassium and induced weakness on one occasion but not with a second test levels have been measured during attacks and were normal. Provocative testing with potassium has not been some years later. Potassium loading failed to induce weakness arguing against the diagnosis of hyperkaperformed. Treatment with the carbonic anhydrase inhibitor acetazolamide prevents attacks. The proband's father lemic periodic paralysis (Ptacek, 1998) . The proband has had significant reduction in attack frequency and has muscle cramps in cold water and weakness after exercise although to a less severe degree than his son. severity when treated with the carbonic anhydrase inhibitor dichlorphenamide, but has developed mild to modUnfortunately, the father has not been available for further evaluation. The age-of-onset, frequent nature of attacks, erate fixed weakness of the lower extremities. The living brother has very minimal fixed iliopsoas muscle weakand improvement with carbohydrate loading are all consis- as that for wild-type MiRP2 and ‫-02ف‬fold different than channel function, its effects on whole-cell peak current that measured for cloned Kv3.4 channels ( Figure 8C ). amplitudes in CHO cells were first evaluated ( Figure 8B) ; Moreover, there was no evidence that R83H-MiRP2 inKv3.4 subunits were expressed with a plasmid control, fluenced the function of sodium, calcium, or chloride wild-type MiRP2, or R83H-MIRP2 and studied in 4 mM channels previously associated with periodic paralysis external potassium. Current density at ϩ50 mV was (Ptacek, 1999) ulate excitability through effects on RMP, rates of rise Our findings are also consistent with previous descripto threshold, action potential duration, and recovery of tions of cloned Kv3.4 and native A-type channel cursodium channels from inactivation without production of rents. Rettig and colleagues (Rettig et al., 1992) found AHPs or cumulative inactivation to limit responsiveness. the same amplitude and rectification properties for sinWhile MiRP2-Kv3.4 channels appear to be the primary gle Kv3.4 channel currents in cell-attached patches as determinant of RMP in undifferentiated C2C12 cells (Figmeasured here (Figures 2 and 4 should improve our ability to diagnose and treat these In each case, paralysis is associated with an abnormally patients. positive skeletal muscle resting membrane, disrupted sodium channel inactivation, and altered excitability.
Experimental Procedures
With mutant MiRP2-Kv3.4 channels, this appears to result from decreased outward potassium flux producing a Study Subjects and Mutational Analysis more positive RMP and reduced repolarization capacity.
The GenBank accession numbers for human and mouse MiRP2
The functional effects we observe and correlation of (KCNE3) are AF076531 and AF076532, respectively. Clinical studies and sampling of family members were conducted after subjects genotype and phenotype in our patients support a caus- 
